Control of the timing of the inspiratory/expiratory (IE) phase transition is a hallmark of respiratory pattern formation. In principle, sensory feedback from pulmonary stretch receptors (BreuerHering reflex, BHR) is seen as the major controller for the IE phase transition, while pontine-based control of IE phase transition by both the pontine Kölliker-Fuse nucleus (KF) and parabrachial complex is seen as a secondary or backup mechanism. However, previous studies have shown that the BHR can habituate in vivo. Thus, habituation reduces sensory feedback, so the role of the pons, and specifically the KF, for IE phase transition may increase dramatically.
THE MOTOR PATTERN OF BREATHING
The pattern of centrally generated respiratory activity under conditions of normal or eupnoeic breathing comprises three phases of the respiratory cycle: inspiration, post-inspiration or passive expiration and late or active expiration (Richter 1982 (Richter , 1996 Richter & Spyer 2001) . The post-inspiratory (post-I) motor output controls the laryngeal adductor (constrictor) muscles (Harding 1984; Bartlett 1986; Dutschmann & Paton 2002) , which counteract the recoil mechanisms of the expanded lung (Bartlett 1986; Dutschmann & Paton 2002) . Laryngeal constriction dwindles with progression of the expiratory interval, and the air is evenly released from the lungs. Motor activity during late (active) expiration emerges during forced breathing and involves active contraction of abdominal and thoracic expiratory muscle groups. The active or late phase of expiration is always present centrally, but in terms of the motor act of exhalation, it may be only activated during high metabolic demands (Fortuna et al. 2008) or after experimental challenges involving intermittent hypoxia (Zoccal et al. 2008) . However, active expiration under physiological conditions is always preceded by post-I and thus, the alternating phases of inspiration and expiration are largely governed by central oscillations between inspiratory and post-I neurons.
GENERAL PATHWAYS FOR INSPIRATORY/ EXPIRATORY PHASE TRANSITIONS
According to our present knowledge, two main mechanisms contribute to the inspiratory/expiratory (IE) phase transition or the so-called inspiratory offswitch (IOS). A primary, well-investigated mechanism is afferent vagal feedback arising from slowly adapting pulmonary stretch receptors (PSRs) termed the Breuer -Hering reflex (BHR, Breuer 1868; Hering 1868; for recent review see, Kubin et al. 2006) . The physiological significance of the BHR is underlined by the effect of vagotomy (PSR deafferation) or other physiological manoeuvres to suppress PSR feedback (cooling of the vagal nerve or no inflation tests) on the breathing pattern. Lack of BHR feedback triggers a prolonged inspiratory duration, an increase in burst amplitude and a decrease in respiratory frequency (Kubin et al. 2006) . This effect on respiratory phase duration was confirmed in numerous studies and is taken as evidence that BHR feedback provides primary control of IE phase transition.
The first description of central mechanisms controlling IE phase transition was provided by Marckwald (1887) , one year after publication and demonstration of the BHR. Markwald showed that a lesion of the dorsolateral pons can transform the normal breathing pattern into apneusis, a breathing pattern characterized by a significantly prolonged inspiratory duration. The prolonged inspiratory phase duration indicates disruption of the central IOS mechanism involved in the proper timing of IE phase transition. Later, the potential physiological importance of the pons for IE phase transition was significantly hampered by the demonstration that apneusis after pontine lesions occurred only when vagal afferents, including those from the PSRs, were deactivated by focal cooling of the vagal nerve (Stella 1938) . Finally, it was demonstrated that pontine respiratory neurons receive pronounced synaptic inhibition from PSR (Feldman & Gautier 1976; Cohen & Feldman 1977) . Thus, the dominant view is that under conditions of an intact sensory feedback from PSRs, the pontine activities are largely inhibited and therefore have no or only minor contributions to IE phase transition. The pontine circuits controlling IOS are thus considered a failsafe mechanism.
At the same time, it has been demonstrated that chemical or electrical stimulation of the medial parabrachial complex (mPB) or Kö lliker -Fuse nucleus (KF) can evoke phase resetting and IOS in vagi intact animals (Oku & Dick 1992; Chamberlin & Saper 1994 , 1998 Dutschmann & Herbert 1998 Okazaki et al. 2002) . However, these pontinemediated responses were attributed to various protective reflex behaviours (Dutschmann et al. 2004) and were not interpreted as a critical contribution of the pons to IOS and IE phase transition during normal breathing.
NEURAL INTERACTIONS DURING INSPIRATORY/EXPIRATORY PHASE TRANSITION
It was proposed that PSR feedback from the expanded lung during the later stage of lung inflation initiates the IE phase transition via excitation of late inspiratory (late-I) neurons (Richter 1982 (Richter , 1996 Cohen et al. 1993; Haji et al. 2002; Rybak et al. 2004; Krolo et al. 2005) and post-I neurons (Richter 1982 (Richter , 1996 Hayashi et al. 1996; Haji et al. 1999; Rybak et al. 2004) . Thus, late-I neurons initiate the phase transition, and subsequent activation of the post-I neurons (also termed decrementing expiratory neurons, dec-E) and provides the irreversible completion of the transition from inspiration to expiration. The sequential activation of late-I and post-I neurons is a centrepiece of many models of respiratory rhythm and pattern generation (Richter 1982 (Richter , 1996 Bianchi et al. 1995; Rybak et al. 1997 Rybak et al. , 2004 .
Reports on cellular activity in the pons that could potentially contribute to IE phase transition are sparse. In the cat, it was shown that pontine IE phase-spanning neurons, located within the mPB/KF region, could be involved in IE phase transition (Cohen & Shaw 2004) . The main hypothesis suggests that medullary late-I neurons which initiate IOS receive excitatory inputs from pontine IE or late-I neurons (Cohen & Shaw 2004) . However, the pontine input to late-I neurons was suppressed by BHR feedback. Thus, it was suggested that ponto-medullary interaction may become important only under conditions with weak drive from PSR inputs (Cohen & Shaw 2004) . A series of recent studies on pontine respiratory activity in cats using multi-electrode arrays and computational modelling supported this view Rybak et al. 2008; Segers et al. 2008) . These studies showed that the numbers of phasic respiratory activities in mPB and KF significantly increased after vagotomy or absence of lung inflation, while tonic activity with weak respiratory modulation dominated when vagi were intact or during lung inflation with intact vagi Rybak et al. 2008) . Nevertheless, reciprocal synaptic interactions between a variety of medullary and pontine respiratory cells could be established (Rybak et al. 2008; Segers et al. 2008) . At the same time, a paucity of monosynaptic functional links between pontine and medullary neurons (Bianchi & St-John 1981 , 1982 Segers et al. 1985 Segers et al. , 2008 was also confirmed. The minor degree of pontomedullary interactions is somewhat surprising since anatomical tract tracing studies had suggested monosynaptic reciprocal coupling of pontine and medullary respiratory groups in cats and rats, but these were not functionally characterized as respiratory neurons (Smith et al. 1989; Ellenberger & Feldman 1990; Herbert et al. 1990; Nunez-Abades et al. 1993; Dobbins & Feldman 1994; Gaytan et al. 1997) .
In summary, accumulating evidence suggests that pontine respiratory-modulated activity is largely suppressed in the presence of BHR feedback mechanisms. On the other hand, some respiratory activity can be recorded in cats with intact BHR feedback (Sieck & Harper 1980; St-John 1987; Dick et al. 1994 Dick et al. , 2008 Segers et al. 2008) . A potential explanation for weak respiratory activity is provided by the finding that BHR feedback can also excite non-respiratory (Dick et al. 1994) and also respiratory modulated units (StJohn 1987; Ezure 2004; Ezure & Tanaka 2006) . In contrast to the cat, a recent study performed on rats showed substantial respiratory activity at the level of the dorsolateral pons with intact BHR circuitry (Ezure 2004; Ezure & Tanaka 2006) . The discrepancy in the density of pontine respiratory activity between cats and rats could relate to some species differences. For instance, the cat shows respiratory-related behaviour such as purring and vomiting, while rats do not (particularly vomiting, see Andrews & Horn 2006) . However, whether such subtle differences in respiratory behaviour can be linked to a different organization of the pontine respiratory group is currently matter of speculation.
PONTINE-MEDIATED INSPIRATORY/ EXPIRATORY PHASE TRANSITION: A PHYSIOLOGICAL ROLE REVISITED
Pharmacological manipulation of pontine regions that modulate IE phase transition in the absence of vagal feedback has received considerable attention.
It was shown that post-synaptic blockade of NMDA-receptors (NMDA-Rs) substantially affects pontine-mediated phase transition (for review, see Bianchi et al. 1995; Bonham 1995; St-John 1998) . Systemic or local blockade of NMDA-R can result in an apneustic breathing pattern (Foutz et al. 1989; Connelly et al. 1992; Pierrefiche et al. 1992 Pierrefiche et al. , 1998 Fung et al. 1994; Ling et al. 1994; Borday et al. 1998) similar to that demonstrated by pontine lesions or transections. Systemic NMDA-R blockade was reported to trigger apneusis in the newborn kitten (Schweitzer et al. 1992) , suggesting that NMDA-Rdependent mechanisms are already fully established at birth. However, systemic blockade of NMDA-R is as inconclusive as the lesion experiments described earlier, since both cannot distinguish which ascending or descending connections between pons and medulla were interrupted or blocked. Some studies supported the idea that systemic NMDA-R blockade suppressed the excitatory drive from the pons to the medulla (Foutz et al. 1989; Borday et al. 1998) , while other publications suggest that NMDA-R blockade does not affect the descending inputs from the pons to the medulla (Pierrefiche et al. 1998 ). In addition, systemic blockade of NMDA-R could change neurotransmission in other brainstem areas such as the nucleus tractus solitarius (NTS) and/or interfere with inputs from peripheral chemoreceptors, or with first-order processing of PSR inputs (for review, see Bonham et al. 2006) . However, in our opinion, NMDA-R blockade largely interrupts ascending glutamatergic transmission from medullary respiratory centres to the pons and, in particular, to the KF. This suggestion is supported by the findings that local blockade of post-synaptic NMDA-R in the KF causes apneusis (Fung et al. 1994; Ling et al. 1994 ; M. Dutschmann, M. Mö rschel, I. A. Rybak & T. E. Dick 2009, unpublished data) . Furthermore, NMDA-Rs are very densely expressed in the KF (Monaghan & Cotman 1985; Guthman & Herbert 1999) . We therefore suggest that pontine-mediated IE phase transition depends largely on excitatory glutamatergic inputs to the KF. A conceptual model for the pontinemediated IE phase transition that largely depends on excitatory inputs from the medullary respiratory neurons is shown in figure 3 .
Recent publications from our laboratory showed significant postnatal changes in the subunit composition of the heteromeric NMDA-R that correlate with the cellular mechanism for synaptic plasticity . In addition, blockade of NMDA-R within KF can disrupt the plasticity associated with the processing of BHR feedback (M. Dutschmann, M. Mörschel, I. A. Rybak & T. E. Dick 2009, unpublished data) . This is in accordance with our general working hypothesis of postnatal emergence of synaptic plasticity affecting two convergent and parallel pathways mediating IE phase transition: the vagal feedback associated with BHR and the intrinsic IOS mechanisms generated within the dorsolateral pons.
Poon and his co-workers (Siniaia et al. 2000; Song & Poon 2004 ) have recently demonstrated habituation of vagal feedback that probably occurs within the NTS at the level of the first synapse of PSR afferents. This habituation may also affect the dorsolateral pons. The waxing and waning of habituation and sensitization within the circuitry described earlier can cause a dynamic and state-dependent shift from a dominance of vagal input-dependent to pontine-dependent IOS mechanisms (for review, see Dutschmann et al. 2008) .
In summary, several recent studies support the view that pontine circuits may not serve as a simple failsafe mechanism for the BHR feedback, but instead play a significant role in controlling the generation of the respiratory motor pattern in mammals (Cohen & Shaw 2004; Dutschmann et al. 2004 Dutschmann et al. , 2008 Poon & Young 2006) .
STUDYING PONTINE-MEDIATED INSPIRATORY/EXPIRATORY PHASE TRANSITIONS USING THE IN SITU PERFUSED BRAINSTEM PREPARATION OF RATS
The physiological role of the pontine-mediated mechanisms involved in IE phase transition has not received much attention, and reports of synaptic interactions required for mediating IE phase transitions are rare. Although several computational models were developed to explain possible pontine mechanisms (Rybak et al. 2004 (Rybak et al. , 2008 , little is known about intra-pontine synaptic interactions, biophysical properties of pontine respiratory neurons and their interaction with the primary rhythm and pattern-generating circuits in the medulla. For example, intracellular recordings of pontine respiratory neurons, which provide insights into their potential involvement in IE transition, have not been performed except in a single study in the cat (Dick et al. 1994) . The perfused brainstem preparation (Paton 1996) circumnavigates many technical difficulties and provides new experimental approaches for the investigation of the pontine mechanisms for IE phase transition. Despite the lack of inputs from higher brain centres and phasic Breuer -Hering afferent feedback, this preparation generates a normal three-phase pattern of respiratory activity as described originally (Richter 1982) . Because of the lack of BHR feedback, IE phase transition in this preparation may strongly depend on synaptic interaction between medullary and pontine respiratory neurons. This assumption is substantiated by the demonstration that a transient pharmacological lesion of the KF triggers apneusis and loss of any post-I activity in the associated motor output (Dutschmann & Herbert 2006) . Transection of the dorsolateral pons in this preparation also causes apneustic breathing in juvenile (Smith et al. 2007) or neonatal (Dutschmann et al. 2000) rat preparations. Further, systemic or local blockade of NMDA-R in the KF in the in situ preparation can also transform the normal three-phase breathing pattern to apneusis (M. Dutschmann, M. Mö rschel, I. A. Rybak & T. E. Dick 2009, unpublished data) . This confirms that the arterially perfused in situ brainstem preparation reflects the in vivo situation as observed in other studies (Foutz et al. 1989; Connelly et al. 1992; Pierrefiche et al. 1992 Pierrefiche et al. , 1998 Fung et al. 1994; Ling et al. 1994; Borday et al. 1998) . Cellular recordings in the in situ preparation from the KF revealed neurons exhibiting a variety of phasic (Dutschmann & Herbert 2006) . The majority of KF respiratory neurons (out of a total of 96 units, 82% recorded intracellularly) exhibit either early-inspiratory (early-I, also termed decrementing inspiratory) (17%) IE phase-spanning (22%) or post-I (39%) activities, while neurons with other discharge pattern (expiratory units with constant firing pattern, augmenting-inspiratory (aug-I), inspiratory modulated) were seen in only 22 per cent of the recordings. Figure 1 depicts intracellular recordings from the three most prominent cell types. The density of IE phase-spanning neurons in the pons is in general accordance with reports from pontine recordings in cats and rats in vivo (Ezure & Tanaka 2006; Dick et al. 2008) . Nevertheless, the phase-spanning neuron types found in the KF in situ could be specific to this preparation (i.e. decerebrated, and no BHR). Membrane potential voltage changes of key neurons during the IE phase transition are illustrated in figure 2. Early-I neurons showed a decrementing depolarization and hyperpolarization during post-I (figure 2a). Some of the pontine IE phase-spanning neurons were characterized by a small hyperpolarization during early-I followed by depolarization with an augmenting slope (5/ 11, figure 2b), while others were not clearly inhibited during early-I and showed augmenting depolarization during inspiration (figure 2c). Comparison with the discharge pattern of medullary late-I neurons suggests that they receive synaptic inhibition during the inspiratory phase (or at least no excitatory drive) and thus showed a strong depolarization only during late-I (figure 2d). The shape of the excitatory post-synaptic potentials (EPSPs) largely corresponded to the discharge pattern of the pontine IE phase-spanning neurons. This allows the suggestion that the medullary late-I neurons involved in IE phase transition (Richter 1982 (Richter , 1996 Cohen et al. 1993; Haji et al. 2002; Krolo et al. 2005 ) receive synaptic input from the pontine IE phase-spanning neurons Cohen & Shaw 2004; Rybak et al. 2004 Rybak et al. , 2008 . The pontine and medullary post-neurons had comparable discharge pattern and voltage changes (figure 2e, f ).
A HYPOTHETICAL MODEL FOR PONTINE-MEDIATED INSPIRATORY/EXPIRATORY PHASE TRANSITION
Based on our recordings (figures 1 and 2), data provided by other groups (Smith et al. 2007; Dick et al. 2008; Segers et al. 2008) and existing computational models (Rybak et al. 2004 (Rybak et al. , 2008 , we suggest a theoretical scheme for mechanisms responsible for IE phase transition in the perfused brainstem preparation. The scheme is based on the following assumptions. First, the pontine early-I neurons are inhibitory, and both medullary and pontine early-I neurons receive synaptic drive from inspiratory-driver (I-driver) neurons. This is based on the fact that early-I neurons are inhibitory interneurons as was the case in all previously published models (Richter 1982; Smith et al. 2007; Rybak et al. 2008) . Therefore, the pontine early-I neurons should receive input from the I-driver population like those in the medulla. These I-driver neurons could be those neurons with conditional pacemaker properties located within the pre-Bötzinger complex (Feldman & Del Negro 2006; Rybak et al. 2008 ) and termed pre-I neurons of the pre-Bö tzinger complex (Rybak et al. 2004; Smith et al. 2007) . These neurons are governed by synaptic interaction under eupnoeic conditions, but can generate gasping during severe hypoxia (Paton et al. 2006) . Second, we suggest that I-driver neurons also interact with the pontine early-I respiratory populations. This could be important for rapid re-establishment of ponto-medullary interactions after recovery from severe hypoxia. The next prediction is that the pontine early-I cells inhibit IE phase-spanning neurons and post-I neurons of the pons via local connections. This connectivity prevents initiation of phase transition during the early-I phase ( figure 3a) . In addition, IE neurons receive increasing Figure 3 . Hypothetical network model for pontine-mediated IE phase transition. For the theoretical model presented, the following predictions were made: the pontine early-I population receives excitatory synaptic input (efference copy 1) from I-driver neurons located in the pre-Bö tzinger complex. The pontine early-I populations are inhibitory interneurons of the pons. The pontine early-I neurons inhibit the pontine IE phase-spanning neuron and pontine post-I pre-motoneurons (post-I) to prevent the initiation of phase transition during early and mid-inspiration (a). With ongoing inspiration, the pontine I/E neurons receive increasing excitatory drive (efference copy 2) from medullary aug-I pre-motor neurons that override the inhibition of early-I, causing firing onset around late inspiration. The pontine IE neurons are, in turn, excitatory interneurons that activate the medullary late-I neurons to initiate the IE phase transition (b). Finally, the inhibitory late-I neurons of the medulla terminate the activity of the medullary early-I neurons and release the medullary post-I population (inhibitory interneurons) from synaptic inhibition. These inhibitory post-I neurons inhibit all the inspiratory population (medullary and pontine). Consequently, the pontine and medullary post-I pre-motor population start firing. According to our previous publication , we suggest that the pontine population could dominate the medullary populations (c). The effect of post-synaptic blockade of glutamatergic neurotransmission (e.g. NMDA-R antagonism) within the dorsolateral pons is illustrated in (d). Local blockade of excitatory synaptic interaction (black circles) in the pons suppresses the efference copies 1-2, causing blockade of the descending excitatory synaptic input from the pontine IE neurons to the medullary late-I population. This abolishes the pontine-mediated timing of the IE phase transition causing arrest in the inspiratory phase (apneusis). Note that other expiratory neurons that could be involved in the termination of the inspiratory burst are not considered in the theoretical sketch. Red circles, inhibitory interneurons; red lines, the associated connectivity; green circles without frame, excitatory interneurons; green circles with black frame, pre-motor neurons; green lines, excitatory connectivity. The right-hand frames of (a-d) illustrate the motor outputs of the phrenic nerve (PNA) and recurrent laryngeal nerve (RCNA). The green line indicates the point in time of the three-phase respiratory cycle (I, inspiration; PI, post-inspiration; E2, late expiration) that corresponds to the illustrated ponto-medullary synaptic interactions. excitatory drive from aug-I pre-motor population of the rostral ventral respiratory group. This excitatory drive counterbalances the early-I inhibition and causes firing of the neurons during the late-I phase. In turn, IE neurons are excitatory and trigger activation of late-I neurons that initiate the IE phase transition at the medullary level. This is followed by the 'classic' cascade of synaptic interactions that mediate the IOS in most of the previously suggested models (Richter 1982; Rybak et al. 2004, figure 3b ). Late-I neurons switch off the early-I neurons via synaptic inhibition. This releases inhibitory (interneurons) and excitatory (pre-motoneurons) post-I neurons from synaptic inhibition provided by the early-I population, reflecting the irreversible transition from inspiration to expiration as described by Richter (1996) . The pontine and medullary pre-motor post-I populations are reciprocally coupled via excitatory connectivity (see the following).
In summary, the present model is based on the assumption that pontine neurons receive excitatory synaptic inputs from two major populations, augmenting-I and post-I neurons. In this model, the drive from the medullary inspiratory pre-motor population is adjusted by only one intra-pontine inhibitory synaptic interaction, which shapes the activity pattern of IE neurons that transmit the crucial signal for inspiratory termination to the medulla as proposed previously (Cohen & Shaw 2004; Rybak et al. 2004 Rybak et al. , 2008 . The experimental verification of the intra-pontine connectivity remains to be established and is a challenge for future experiments. At the moment, we suggest that the configuration presented in our scheme could be the core for ponto-medullary interactions in vivo. The phasic activities of the pons are most probably heavily influenced by the BHR pathway and by various other sources providing tonic inputs and may thus be very difficult to detect under the experimental conditions in vivo Segers et al. 2008) . Finally, our model can explain the occurrence of apneusis after blockade of post-synaptic NMDA-R with the dorsolateral pons (e.g. figure 3d ). According to the present model, local blockade of ascending excitatory synaptic drive from the medullary premotor populations and from the I-driver populations would block the descending signal from pontine IE populations to medullary late-I populations. Thus the respiratory pattern generator is arrested in the inspiratory phase and shows apneusis. The present model would support our previous findings that the KF gates the generation of the post-I phase in the absence of BHR feedback (Dutschmann & Herbert 2006) . In addition, the reciprocal excitatory coupling of post-I pre-motor populations and descending excitatory input to inhibitory post-I neurons allows the pons to directly switch to post-I, irrespective of ponto-medullary interactions. This can take place, for instance, during protective upper airway reflexes that involve glottal closure. This makes sense physiologically as protective reflexes have to prevent invasion of noxious substances into the lungs and therefore should be processed rapidly and independently from the state of the primary medullary rhythm and pattern-generating circuits (for review, see Dutschmann et al. 2004 ). An example of this is demonstrated by the observation that NMDA-R blockade within the KF in vagi intact animals caused no effect on the ongoing breathing pattern, while an evoked protective apnoeic response was attenuated (Dutschmann & Herbert 1998) . Alternatively, the ascending drive from higher vocalization centres could target pontine post-I neurons of the KF (Smotherman et al. 2006; Zornik & Kelley 2008) , with the aim of prolonging the expiratory interval via descending connectivity to medullary respiratory centres and, in parallel, providing the necessary motor drive for laryngeal adductor muscles for the motor act of vocalization.
The question of why the network mechanisms for mediating phase transition are distributed within ponto-medullary circuits while the essential circuits required for rhythm and pattern formation are located in the medulla oblongata is difficult to answer. We speculate that the network control for IE phase transition could be based in the pons because it is, evolutionarily speaking, a younger part of the brain. Therefore, the pontine-mediated phase transition is involved in 'higher' behavioural adaptations of breathing as they occur during sniffing and vocalization, for instance. These behavioural adaptations most certainly require the dynamic and plastic modulation of IE phase transition, not only in the context of lung ventilation.
CONCLUSIONS
The model introduced in the present review reflects possible ponto-medullary synaptic interactions that take place in the perfused brainstem preparation in the complete absence of BHR-related synaptic inputs and modulations from higher brain centres. Under in vivo conditions, both mechanisms involved in the control of IE transition are active. We believe that synaptic weights of the two parallel pathways can be adjusted in a state-dependent manner in order to produce a dynamic and plastic motor pattern of breathing.
Future challenges in respiration physiology involve breathing disorders associated with various neurological diseases. A recently published study on Mecp2 2/y knockout mice, as model for the human Rett syndrome (Stettner et al. 2007) , illustrates that synaptic instability of both the BHR pathway and the pontine pathways for phase transitions may cause unpredictable and pathological fluctuations that may contribute to the pathological respiratory phenotype of this animal model. Indeed, this is a good example, illustrating that synaptic malfunction in both pontine and BHR-associated pathways is associated with highly erratic breathing patterns as are seen in human patients (Weese-Mayer et al. 2006; Stettner et al. 2008) as well as in the associated animal models (Viemari et al. 2005; Stettner et al. 2007 ).
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